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Abstract
A finite element method simulation of a carbon fibre
reinforced polymer block is used to analyse the non-
linearities arising from a contacting delamination gap
inside the material. The ultrasonic signal is amplified
and nonlinearities are analysed by delayed Time Re-
versal – Nonlinear Elastic Wave Spectroscopy signal
processing method. This signal processing method
allows to focus the wave energy onto the receiving
transducer and to modify the focused wave shape,
allowing to use several different methods, including
pulse inversion, for detecting the nonlinear signature
of the damage. It is found that the small crack with
contacting acoustic nonlinearity produces a noticeable
nonlinear signature when using pulse inversion signal
processing, and even higher signature with delayed
time reversal, without requiring any baseline infor-
mation from an undamaged medium.
1 Introduction
In the past, the use of carbon fibre reinforced poly-
mer (CFRP) has been limited to non-structural parts
of high-tech aeronautical products. In recent times,
due to the effort of weight reduction and product life-
time enhancement, the application areas of CFRP
have widened to the load-bearing parts of the aero-
nautical, automotive and civil engineering products.
Due to the increased demands on the strength of the
CFRP products and possible complex failure mecha-
nisms, the Non-Destructive Testing (NDT) methods
of CFRP have been an important applied and aca-
demic problem.
The complex failure mechanisms of CFRP include
microcracking and delamination. Microcracking can
occur at lower loads or due to aging and can be
difficult to examine using ultrasonic NDT. With in-
creased loading, the damage can evolve to delami-
nations, a very fine cracking between the layers of
the CFRP. These damages are difficult to detect us-
ing ultrasonic methods due to their small thicknesses.
The damage can exhibit itself as a contact acoustical
nonlinearity [1]. A statistical distribution of microc-
racks or delamination damage in the material could
also be described by hysteresis in a continuum ma-
terial model [2, 3, 4]. This can also be applicable
for other materials than CFRP, for example biologi-
cal tissues [5, 6]. Nonlinear ultrasonic methods have
been in development for detecting and localizing fa-
tigue and micro-crack damage by their nonlinear ef-
fects [7, 8]. The detection of harmonic overtones
is one of the simplest measures of nonlinearities [9].
Many nonlinear analysis methods not requiring filter-
ing have been developed, for example scaling subtrac-
tion method [10, 11] or pulse inversion (PI) with its
generalizations [12, 13], and applications of time re-
versal using scattering as new sources.
This paper proposes a delayed TR-NEWS signal
processing method [14] for detecting the nonlinear
signature of a single small crack in CFRP as con-
tact acoustical nonlinearity. In the Finite Element
Method (FEM) simulation, the CFRP is modelled as
anisotropic, layered medium. The ultrasonic signal is
focused by TR-NEWS to the region of the material
with the defect. The nonlinear signature of the crack
is analysed by PI and compared with the delayed TR-
NEWS method, which allows to create arbitrary wave
envelope at the focusing region of TR-NEWS. It is
used here to create an interaction of waves near the
damage. The signature of the damage appears as the
nonlinear effect of the wave interaction on the con-
tacting crack. This signal processing requires only
one transmitting and one receiving transducer. The
effectiveness of the delayed TR-NEWS method has
been shown in the previous work by physical experi-
ments and simulations in undamaged and linear ma-
terials [14]. In this paper, the FEM simulation model
is advanced further by including absorbing boundary
conditions and the contacting crack defect in the ma-
terial.
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2 Mathematical and simulation
model
This section describes the simulation which is based
on a physical experiment, and describes the differ-
ences and similarities between the simulation and the
experiment. It shows some important points about
the mathematical model, the delayed TR-NEWS sig-
nal processing and the FEM simulation. Detailed in-
formation about the derivation of mathematical and
FEM model is available at [15].
2.1 Mathematical model
The test object is a CFRP block consisting of 144
layers (Fig. 1). It is composed of fabric woven from
yarns of fibre and impregnated with epoxy. The cross-
section of the yarns have elliptical shape (Fig. 2) and
the material has inclusions of pure epoxy, so a wave
propagating through the material will encounter yarns
(fibres with epoxy) and areas of pure epoxy.
Figure 1: (Colour online) CFRP block in the test con-
figuration with transmitting transducer on side and
receiving on top
The simulation is in time domain, since the TR-
NEWS procedure relies on transient echoes and com-
plex wave motion for the wave energy focusing pro-
cess. Due to the heavy computational cost of time
domain simulation, a simple laminate model is used
where: i) the material consists of homogeneous lay-
ers, ii) each layer has its own elasticity properties,
and iii) dispersion arises due to the periodical dis-
continuity of the material properties. It consists of
CFRP layers with 90◦/0◦ weave, 45◦/45◦ weave and
epoxy layer. The thicknesses of the layers are given
by random variable functions which reflect the actual
structure of the material. The random variable distri-
bution, describing the CFRP structure, is measured
from a close-up image of the CFRP test object [15].
This links the distribution of the microstructure in-
side the actual material with the thicknesses of the
layers in the laminate model. It should enable a more
realistic simulated material having dispersion effects
due to discontinuities.
The three different kind of layers have the following
mechanical properties: i) isotropic pure epoxy: E =
Figure 2: The layered structure of the CFRP with the
fabric yarns in tight packing and epoxy in the voids
3.7 GPa, ν = 0.4, ρ = 1200 kg/m3; ii) transversely
isotropic composite with 0/90◦ weave: E1 = E2 =
70 GPa, G12 = 5 GPa, ν12 = 0.1, ρ = 1600 kg/m
3;
and iii) transversely isotropic composite with 45◦/45◦
weave: E1 = E2 = 20 GPa, G12 = 30 GPa, ν12 =
0.74, ρ = 1600 kg/m3. For the simulation, a laminate
model was constructed using 50 pairs of epoxy and
carbon fibre layers, where carbon fibre weave direction
alternated between each pair.
Figure 3: (Colour online) The laminate material
model with layers of stochastic thicknesses and ab-
sorbing boundary conditions on bottom and left
boundaries and four fixed degrees of freedom
The boundary conditions of the model (Fig. 3) in-
clude Lysmer-Kuhlemeyer absorbing boundary condi-
tions [16] so the wave energy would pass through the
simulation region. Four degrees of freedom (DOFs)
are fixed, the rest are free. The simulation model in-
cludes a contacting delamination defect in the ma-
terial near the receiving transducer (Fig. 4). The
transmitting shear wave transducer can send maxi-
mum 50 kPa pulse at 70◦ degree angle.
2.2 TR-NEWS signal processing
This subsection repeats the signal processing method
that is applied for this problem and has been pub-
lished in the previous work [14]. It is included for a
self-contained discourse in this paper.
In the physical experiments, on which the simula-
tion is based on, the CFRP block (Fig. 1) was studied
using TR-NEWS NDT equipment and signal process-
ing methods [14]. The 2D FEM simulations reflect
Lints et al., p. 3
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Figure 4: Schematic (not to scale) of the simulation
geometry, location of crack, transmitter and receiver
points without the layers
it as closely as possible in terms of transducer place-
ment, frequencies and signal processing.
The roles of the transducers are not changed during
the experiment: the focusing of the ultrasonic wave
relies on the TR-NEWS signal processing. This is a
two-pass method where the receiving and transmit-
ting transducers do not change their roles. In this
sense the “Time Reversal” describes the signal pro-
cessing method which accounts for internal reflections
of the material as virtual transducers, used for focus-
ing the wave in the second pass of the wave transmis-
sion. The placement of the transducers is not impor-
tant from the signal processing standpoint: in NDT
investigation they could be placed arbitrarily and they
do not have to be in line with each other, but the
configuration must remain fixed during the complete
TR-NEWS procedure.
Figure 5 outlines the TR-NEWS signal processing
steps. The simulation uses the same signal processing
steps as are usually applied to physical experiments.
Firstly the chirp-coded excitation c(t) is transmitted
through the medium.
c(t) = A · sin (ψ(t)) , (1)
where ψ(t) is linearly changing instantaneous phase.
In this work, a linear sweep from 0 to 2 MHz was
used. Then the chirp-coded coda response y(t) with
a time duration T is recorded at the receiver
y(t, T ) = h(t) ∗ c(t) =
∫
R
h(t− t′, T )c(t′)dt′, (2)
where h(t − t′, T ) is the impulse response of the
medium. The y(t, T ) is the direct response from the
receiving transducer when the chirp excitation c(t) is
transmitted through medium. Next the correlation
Γ(t) between the received response y(t, T ) and chirp-
coded excitation c(t) is computed during some time
period ∆t
Γ(t) =
∫
∆t
y(t− t′, T )c(t′)dt′ ' h(t)∗c(t)∗c(T − t, T ),
(3)
where the h(t)∗c(t)∗c(T − t, T ) is pseudo-impulse re-
sponse which is proportional to the impulse response
h(t) if using linear chirp excitation for c(t) because
Γc(t) = c(t) ∗ c(T − t) = δ(t − T ). Therefore the
actual correlation Γ(t) ∼ h(t) contains information
about the wave propagation paths in complex media.
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Figure 5: (Colour online) Schematic process of TR-
NEWS with the virtual transducer concept. (1) The
initial broadband excitation Tx(t) propagates in a
medium. (2) Additional echoes coming from inter-
faces and scatterers in its response Rx could be associ-
ated to a virtual source T
(2)
x . (3) Applying reciprocity
and TR process to Rx. (4) The time reversed new ex-
citation Tx = Rx(−t) produces a new response Rx
(the TR-NEWS coda yTR(t)) with a spatio-temporal
focusing at z = 0; y = 0; t = tf and symmetric side
lobes with respect to the focusing.
Time reversing the correlation Γ(t) from the previ-
ous step results in Γ(−t) used as a new input signal.
Re-propagating Γ(−t) in the same configuration and
direction as the initial chirp yields
yTR(t, T ) = Γ(T − t) ∗ h(t) ∼ δ(t− T ), (4)
where yTR ∼ δ(t−T ) is now the focused signal under
receiving transducer where the focusing takes place
at time T . This is because Γ(t) contains information
about the internal reflections of the complex media,
and transmitting its time reversed version Γ(T − t)
will eliminate these reflection delays by the time sig-
nal reaches the receiver, resulting in the focused signal
yTR (Eq. (4)). The test configuration must remain
constant during all of these steps, otherwise the fo-
cusing is lost. The steps of this focusing process in a
physical experiment are shown in Fig. 6.
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Figure 6: Bi-layered aluminium experimental chirp-
coded TR-NEWS signal processing steps: (1) chirp
excitation, (2) output recorded at Rx, (3) cross-
correlation between input and output, (4) focusing
resulting from taking time-reversed cross-correlation
as new input [14].
PI is an established method for detecting nonlin-
earities [12]. The procedure used here involves con-
ducting TR-NEWS measurements with positive and
negative sign for A in Eq. (1) and comparing the fo-
cused signals. Differences could indicate the presence
of nonlinearities.
Delayed TR-NEWS signal processing considers a
single yTR focusing wave as a new basis which can be
used to build arbitrary wave shapes at the focusing.
This is done by time-delaying and superimposing n
time-reversed correlation Γ(T − t) signals (Fig. 7 left
column)
Γs(T −t) =
n∑
i=0
aiΓ(T −t+τi) =
n∑
i=0
aiΓ(T −t+i∆τ),
(5)
where ai is the i-th amplitude coefficient and τi the
i-th time delay. In case of uniform time delay the ∆τ
is the time delay between samples. Upon propagat-
ing this Γs(t−T ) through the media according to the
last step of TR-NEWS, a delayed and scaled shape of
signal at the focusing point can be created. The de-
layed TR-NEWS signal processing optimization can
be used for amplitude modulation, signal improve-
ment and sidelobe reduction [14].
It is possible to predict what the delayed TR-NEWS
focusing output would be in a linear material (Fig. 7
right column):
ydTR(t) =
[∑
i
aiΓc (T − t+ τi)
]
∗ h(t) linearity=======
=
∑
i
aiΓc (T − t+ τi) ∗ h(t) =
∑
i
aiyTR(t− τi).
(6)
The purpose of the prediction is twofold. Firstly it
can be used to figure out optimal delay and ampli-
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Figure 7: Delayed TR-NEWS signal processing steps
in bi-layered aluminium, starting from the cross-
correlation step (left column) and prediction of lin-
ear superposition of waves (right column): (1) cross-
correlation(Eq. (3)), (2) delayed and scaled cross-
correlation, (3) linear superposition of two cross-
correlations which becomes the new excitation, (4)
focusing (Eq. (4)), (5) delayed and scaled focusing,
(6) linear superposition of the two focusing peaks.
tude parameters ai and τi beforehand for the de-
layed TR-NEWS experiment, using the original fo-
cusing peak yTR. Secondly it could be possible to
analyse the differences between the measured delayed
TR-NEWS result and its prediction, which acts as a
baseline for comparison. The difference could indicate
the magnitude of nonlinearity, because the prediction
relies on the applicability of linear superposition and
is found to be accurate in experiments with linear ma-
terial [14].
2.3 The FEM simulation model
The simulation program considers 2D wave propaga-
tion in a solid material with linear elasticity. The
nonlinearity comes from an internal defect, a crack
in the computational region (Fig. 4) which can come
into contact with itself. This contacting nonlinearity
has asymmetric stiffness and is therefore nonclassi-
cally nonlinear. Since the CFRP is a complex ma-
terial, then in this work it is modelled as a laminate
with anisotropic layers arranged in a periodic manner,
described in Section 2.1. Because the physical exper-
iment was conducted on the corner of a large CFRP
block, the simulation is also in a semi-infinite quarter-
space. The region has two free surfaces for reflection
and two absorbing boundaries for the wave energy to
escape.
The constitutive equation of the material itself is
linear (although anisotropic). The linear plane strain
elastodynamics problem is solved
ρu¨i − σij,j = bi, (7)
where ρ is material density, ui is displacement com-
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ponent, σij is stress component and, bi is body force
component [17]. Einstein summation convention is
used and comma in index denotes spatial derivative.
The constitutive equation in the variational formula-
tion is
0 =
∫
Ω
(σijδεij + ρu¨iδui) dxdy−∫
Ω
biδuidxdy −
∫
Γ
tiδuids (8)
where εij is strain and ti is traction component on
boundary. In our case the region Ω is a 2D space and
boundary Γ surrounding it is a 1D line. The body
forces are zero in this simulation. Strain is assumed
to be small.
The matrix formulation of the finite element model
with damping is
M∆¨ + C∆˙ +K∆ = F, (9)
where M is mass matrix, K is stiffness matrix, F is
external forcing and ∆ is displacement vector [15].
The damping matrix C is used to apply the Lysmer-
Kuhlemeyer absorbing boundary conditions [16] as a
diagonal matrix, allowing to take advantage of the
explicit solution scheme.
The element matrices are
Me =
∫
Ω
ρΨTΨdxdy, (10)
Ke =
∫
Ω
BTCeBdxdy, (11)
F =
∫
Γ
ΨT fds, (12)
where Ce is here the constitutive matrix for the plane
strain elasticity.
Linear triangular three-node elements (T3), also
known as constant strain triangles [17], were chosen
for this problem for the following reasons. Firstly be-
cause the epoxy layers in the laminate model can be
very small, therefore small elements are needed any-
way, with T3 being computationally cheapest. Sec-
ondly, linear elements are well suited for nonlinear
problems: since the strain is constant throughout the
element, the computation of nonlinear constitutive re-
lations would also be simple. In this simulation, the
material itself is linear but future work might include
nonlinearity or hysteresis.
The T3 element lumped mass matrix [18] is
Me =
ρAe
3
I6, (13)
where I6 is 6 × 6 identity matrix and Ae is the area
of the element. The element stiffness matrix is
Ke = AeB
T
e CeBe, (14)
where matrix B is
B =
1
2Ae
β1 0 β2 0 β3 00 γ1 0 γ2 0 γ3
γ1 β1 γ2 β2 γ3 β3
 , (15)
and with xi and yi being the node coordinates [17],
then
β1 = y2 − y3, γ1 = x3 − x2,
β2 = y3 − y1, γ2 = x1 − x3,
β3 = y1 − y2, γ3 = x2 − x1.
(16)
The external distributed force is simply divided into
relevant nodes. The Lysmer-Kuhlemeyer absorbing
boundary conditions are applied as viscous stresses
on the boundaries, which means that they can be ap-
plied on DOF basis, making the damping matrix C
diagonal. The viscous stresses on the boundary DOFs
are
cii =
∫
Γ
aρVpds, normal motion DOF, (17)
cii =
∫
Γ
bρVsds, shear motion DOF, (18)
where Γ is the boundary portion of the element [16].
In this work the scaling parameters are a = 1 and
b = 1. The wave velocities used for these boundary
conditions are Vp = 2972 m/s and Vs = 1956 m/s [19].
Equation (9) is solved for each timestep ∆t = 5 ·
10−10 s by explicit central difference scheme(
M
∆t2
+
C
2∆t
)
un+1 = Fn−(
K − 2M
∆t2
)
un −
(
M
∆t2
− C
2∆t
)
un−1. (19)
This scheme is solved by dividing the equation by the
term in the first parentheses, which is simple if M and
C are diagonal matrices. Each simulation considers a
60 µs time window.
2.3.1 Contact gap treatment
There is a single source of nonlinearity in this sim-
ulation: the contacting crack fully inside the mate-
rial (Fig. 4). If the material is at rest, then the crack
is small and straight. In this work, there is neither
a preload nor an initial gap in the contacting crack.
This simple material defect results in a localised non-
classical nonlinearity, which can be analysed by vari-
ous signal processing methods.
It is known that frictional contact problems can be
sensitive to timestep length and loading path [20].
In this work, it is assumed that the small timestep
length and relatively small forces involved keep the
error small. Therefore an explicit solution method
scheme is utilized, similarly to [21]. A more precise
solution could be expected from an implicit scheme,
but that is left for the future. Further refinements
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could include thermoelastic contribution to the con-
stitutive equation at the frictional contact gap [3].
The node-to-node contact model is used [22] with
Coulomb friction. The defect is horizontal, simplify-
ing the calculation of normal gap between the nodes.
If the position of a node on a slave (lower) surface is
(nsx, n
s
y) and on master (higher) (n
m
x , n
m
y ), then the
normal contact gap is gN = n
s
y − nmy and the tangen-
tial gap (offset) is gT = n
s
x − nmx . In case of normal
penetration of one surface into another, then gN > 0.
If there is no penetration, then gN ≤ 0. The coef-
ficient of friction is µ = 0.6, and the solution aims
to satisfy the Kuhn-Tucker conditions on the crack
surface: 
gN ≤ 0,
λN = σ · n ≤ 0,
gN · λN = 0,
(20)
where λN is the normal force on crack, σ is stress and
n is the normal vector of the surface. The penalty
plus Lagrange multiplier method is used for normal
contact and the penalty method for friction [23].
The contact logic for the node pairs can be summa-
rized by following steps.
• The initial contact forces are zeroed: normal
λN = 0 and tangential λT = 0.
• System in Eq. (19) is solved.
• Vector gap functions are found: gN = nsy − nmy
and gT = n
s
x − nmx .
• Normal forcing is updated λN = λN +gNb where
b is some big penalty value and λN ≥ 0.
• Logic diverges to 3 paths:
No force is applied in case of no contact.
Only normal force is applied if preceding step
had no contact or had contact with tangen-
tial slip.
Normal and tangential forces are applied if
previous iteration had non-slip contact.
• The normal contact condition is verified by set-
ting the penetration value gP = gN where gN ≥
0. Then the L2-norm of penetration is evaluated
〈gP |gP 〉 < ε where ε is the limiting value for the
error due to contact penetration. If the condition
is not fulfilled, the iteration is repeated, otherwise
new timestep is taken.
A more thorough explanation of this contact gap logic
is available at [15].
3 Results
The signal analysis of the time domain simulation re-
sults of the damaged and undamaged medium are
compared, describing some analysis measures which
could allow to detect the presence of damage as
nonlinearity. The simulation follows ultrasonic TR-
NEWS NDT procedures where the transducer data
is available as time-series, measured at some specific
location. The signals are low-pass filtered to keep
only the ultrasonic component. Here five measure-
ment points are analysed at various distances from the
crack damage and transmitting transducer (Fig. 4). A
video of the displacement fields for TR-NEWS focus-
ing to point 3 in cracked medium is available at [24].
3.1 TR-NEWS with pulse inversion
Figure 8 shows the undamaged CFRP TR-NEWS fo-
cusing for the receiver positions 1 to 5 (Fig. 4). It is
an ordinary TR-NEWS focusing where at the middle
of the signal (30 µs) is the focusing, surrounded by the
sidelobes. There are two aspects to note about this
is figure. Firstly, the sidelobes shift toward the main
focusing and comparatively decrease in amplitude as
the receiving transducer position shifts toward the
transmitting transducer (from position 1 to position
5), indicating lower noise as the signal gets stronger.
Secondly, the sidelobes are symmetrical in respect to
the main lobe. This does not happen in nonlinear
(damaged) material. The PI results are identical, in-
dicating no nonlinearity, and are not shown here.
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Figure 8: (Colour online) Unnormalized TR-NEWS
focusing of undamaged CFRP simulation
Figure 9 shows the TR-NEWS results of the cracked
CFRP test object simulation for the receiving trans-
ducer positions 1 to 5 (Fig. 4). Here the PI signal
processing is also applied and it shows the nonlin-
earity as difference between results from initial chirp
signals with positive and negative sign. This nonlin-
ear, damaged case exhibits nonlinearity particularly
strongly in receiving position 3 (near the middle of
the crack). Also, the sidelobes are unsymmetrical in
respect to the main lobe.
Figure 10 shows the envelopes of the PI measure of
nonlinearity across the measuring points. The non-
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Figure 9: (Colour online) Normalized TR-NEWS fo-
cusing of damaged CFRP simulation with PI applied
to detect nonlinearities as difference between negative
and positive excitations
linearity magnitude depends on the measuring point
location in respect to the crack: point 3 near the mid-
dle of the crack shows strongest nonlinearity, points 2
and 4 show less, and points 1 and 5 show the least.
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Figure 10: (Colour online) Envelopes of the PI non-
linearity measures from all of the measuring points
Figure 11 shows the unnormalized focusing signal
for the damaged medium, which can be compared
with corresponding undamaged result in Fig. 8. The
focused signals have some interesting properties:
1. The highest signal amplitude comes from the
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Figure 11: (Colour online) Unnormalized TR-NEWS
focusing of damaged CFRP simulation
receiver position closest to the crack midpoint
(pos. 3), not from the position closest to the
transmitter (pos. 5).
2. Comparing the amplitudes of the positions 2 and
4, at far and near side of the crack end respective
to transmitter: the farther position has larger fo-
cusing amplitude than the nearer position. Since
the simulation region has two absorbing bound-
aries, the wave propagation is mostly in one di-
rection, therefore the defect between pos. 2 and 4
must be capturing the wave energy and the TR-
NEWS signal processing is using that energy as a
new “virtual transducer” for the pos. 2 focusing.
This could be further analysed in future works
from the correlation signals which generate these
focused signals.
3. Amplitudes from the measurement positions 1
and 5 are “right way” around: the nearer mea-
surement point has larger focusing amplitude
than the farther.
Figure 12 shows a snapshot of the simulation u2 dis-
placement at a time moment t = 32.6 µs, just after the
focusing. The defect in material is acting as a source
of new excitation after TR-NEWS focusing. Wave en-
ergy is captured between the damage and outside wall
of the material and emitted as a wave.
3.2 Delayed TR-NEWS analysis
Section 2.2 describes the delayed TR-NEWS signal
processing method which allows to create arbitrary
envelope wave at the focusing (Eq. (5)), instead of the
simple peak of the TR-NEWS. Equation (6) shows
that in linear material, the outcome of the delayed
TR-NEWS process can be predicted. Since this
method with prediction works very well in physical
NDT measurements of linear materials [14], it is now
tested in simulation with the nonlinearity, supposing
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Figure 12: (Colour online) Displacement u2 field at
time t = 32.6 µs with a wave emission coming from
the damaged region. Video available at [24]
that the difference between the simulation result and
the linear prediction (Eq. (6)) is due to nonlinear in-
teraction of waves in the presence of nonlinearities
or damage. Figure 13 shows the comparison between
the linear superposition prediction and the simulation
result of a simple delayed TR-NEWS process where
two focusing peaks are at superposition with 1 µs time
delay. The difference between the prediction and the
simulation is large and obvious, indicating the pres-
ence of nonlinearity. This measure of nonlinearity
seems to be stronger than the measure calculated from
PI (Fig. 9), making it a good candidate for further in-
vestigation.
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Figure 13: (Colour online) Delayed TR-NEWS signal
processing with one delay of amplitude ai = 1 and
delay value τ = 1 µs (Eq. (6)): comparison between
the linear prediction and the nonlinear simulation out-
come
The delayed TR-NEWS signal processing could also
be used for activating the contacting gap as the en-
ergy pocket. This could be done by creating a new fo-
cusing wave envelope which would have the resonant
frequency of the defect, permitting higher amplitude
waves near the damaged region, which would enhance
the extraction of the nonlinear signature. This study
is left for the future.
4 Conclusion
This paper investigated nonlinear NDT by using a
simple FEM simulation model for a crack nonlinear-
ity in CFRP. In the laminate model, the damage is
a simple horizontal contacting crack near the receiv-
ing transducer. The signal processing uses TR-NEWS
method for focusing the available wave energy near
the receiving transducer. The magnitude of nonlin-
earity due to the damage is measured firstly with
PI, secondly with the proposed delayed TR-NEWS
signal processing procedure. While PI indicates the
presence of the nonlinearity, the simple delayed TR-
NEWS procedure shows it even more strongly and is
promising for future investigations and further devel-
opment due to its signal processing flexibility.
Since the delayed TR-NEWS procedure allows to
generate a wave at the focusing with arbitrary en-
velope, it could be used in the future to excite the
crack damage by its resonance frequencies, using the
damage as an energy pocket. Other perspectives in-
clude a more detailed simulation model for the CFRP
in order to take more of its microstructure geometry
into account to have stronger focusing. Additionally,
the damage could be modelled either by a collection
of various cracks at various angles or by hysteresis.
Moreover, heating from the frictional forces at the
damage could be considered for a more precise simu-
lation model.
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